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Abstract. This study investigated the effects of nicotine, 
the chemical responsible for tobacco addiction, on bone and 
on serum mineral and calcitropic hormone levels in adult, 
female rats to help resolve a current controversy regarding 
the impact of nicotine on bone health. Seven-month-old rats 
received either saline (n = 12), low-dose nicotine (4.5 mg/ 
kg/day, n = 2), or high-dose nicotine (6.0 mg/kg/day, n - 
12) administered subcutaneously via osmotic minipumps 
for 3 months. Blood, femora, tibiae, and lumbar vertebrae 
(3-5) were collected at necropsy for determination of serum 
mineral and hormonal concentrations, bone density (femora 
and vertebrae), bone turnover (tibiae), and bone strength 
(femora). The presence of nicotine in serum (111 ±7 and 
137 ± 10 ng/ml for the low- and high-dose nicotine groups, 
respectively) confirmed successful delivery of the drug via 
osmotic minipumps. Nicotine-induced treatment differences 
were not detected in serum calcium, 25-hydrasyvitamin D, 
and 1,25-dihydroxy vitamin D. However, serum phosphorus 
and parathyroid hormone (PTH) were higher in rats treated 
with high-dose nicotine, and serum calcitonin was lower in 
rats treated with both high- and low-dose nicotine than in 
control rats. Nicotine treatment had no effect on tibial can¬ 
cellous or cortical bone turnover or femoral bone mineral 
content (BMC) and density (BMD). Femoral ultimate load 
and vertebral BMC were lower in rats treated with high- 
dose nicotine than in control rats. We conclude that nicotine 
at serum concentrations 2.5-fold greater than the average in 
smokers has limited detrimental effects on bone in normal, 
healthy female rats. 
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Smoking is associated with decreased bone mass and is 
considered a risk factor for osteoporosis in humans [1-6]. 
The mechanisms by which tobacco impairs bone health are 
not well understood but may involve direct effects on the 
osteoblast [7-9] and/or may be mediated by changes in 
calcium absorption [3,10], estrogen metabolism [11,12], or 
bone vascularization [13, 14], Nicotine, the principal phar- 
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macologically active chemical in tobacco, may contribute to 
various adverse health effects associated with smoking [15] 
and has been the focus of several experimental studies 
evaluating the relationship between specific tobacco com¬ 
ponents and bone. To date, however, the impact of nicotine 
on bone remains controversial, with some studies showing 
adverse skeletal effects [14, 16-19] and other studies find¬ 
ing no effects [20-23]. Since nicotine is responsible for 
tobacco addiction [24], a better understanding of its poten¬ 
tial effects on bone mass and turnover may be critical for 
understanding the negative impact of smoking on bone 
health. 

In our past studies with growing [22] and adult [20, 21] 
rats, we administered nicotine at doses within the range 
found in smokers in order to assess its impact on bone and 
serum mineral and calcitropic hormone levels. Those stud¬ 
ies found no consistent, adverse nicotine effects. The hy¬ 
pothesis for the current study was that higher nicotine doses 
will create consistent serum and bone responses with ad¬ 
verse effects on bone mass and strength. 

Materials and Methods 

Thirty six 7-month-old, virgin, female, Sprague Dawley rats (Har¬ 
lan, IN) were used in the experiment. The animals were housed 
individually in plastic shoebox cages and maintained on a labora¬ 
tory diet (Harlan Teklad Rodent Diet, WT, USA) with food and 
water provided ad libitum. Room temperature was maintained at 
23°C with a 12-hour light cycle. The experimental protocol was 
approved by the University Institutional Animal Care and Use 
Committee. 

After a 1 - week adjustment period, rats were randomly assigned 
to one of three treatment groups: saline control (n = 12 j, low dose 
nicotine (n = 12), or high dose nicotine (n = 12). Nicotine di¬ 
hydrochloride was dissolved in sterile saline with sonication at a 
concentration to deliver an average of 4,5 mg/kg/day (low dose) or 
6.0 mg/kg/day (high dose). Control animals received saline. Treat¬ 
ment solutions were administered for 3 mouths via Abet osmotic 
minipumps model 2004 (Alza Corp., Pa!o Alto, CA). The model 
2004 minipump delivers solutions at a rate of 0.25 p!/hour for a 
period of up to 32 days. Osmotic minipumps (one/rat) were im¬ 
planted subcutaneously posterior to the shoulder under 100 mg/kg 
ketamine (Fort Dodge Lab. Inc., IA) and IQ mg/kg xylazine (Fort 
Dodge Lab. Inc., IA) anesthesia delivered by intraperitoneal (IP) 
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injection. Minipumps were replaced every 30 days for the 3-month 
duration of treatment. 

Each rat was injected with calcein (7 mg/kg, IP) (Sigma Chemi¬ 
cal Co., St. Louis, MO) at 10 and 3 days prior to death to label sites 
of bone mineralization. For sample collection, each rat was anes¬ 
thetized by IP injection with 100 mg/kg ketamine and 10 mg/kg 
xylazine. Blood was drawn via cardiac puncture and serum speci¬ 
mens were collected and stored at -7Q°C until assay. Tibiae, 
femora, and lumbar vertebrae (3-5) were excised and cleaned of 
soft tissue. The tibial anterior eminence was shaved with a razor 
blade to expose bone marrow and then fixed in 70% EtOH for 
histomorphometric assessment. Femora and vertebrae were placed 
in saline solution and stored frozen (-20° C) for densitomelric, 
morphometric, and biomechanical assessment. 


Serum Analysis 

Serum levels of nicotine were determined using gas chromatogra¬ 
phy (detection limit, I ng/ml) (Clinical Pharmacology Laborato¬ 
ries, University of California-San Francisco). Serum calcium and 
phosphorus levels were assessed using spectrophotometry on a 
Vitros 950 Automated Chemistry Analyzer (detection limit, 1 mg/ 
dl for Ca and 0.5 mg/dl for phosphorus) (Johnson & Johnson, 
Rochester, NY). Commercially available radioimmunoassay (RIA) 
kits from Diasorin Inc. (Stillwater, MN) were used for the deter¬ 
mination of serum 250HD (detection limit, 2.7 ng/ml), 
i ,25(OH) 2 D (detection limit, 2.0 pg/ml), and calcitonin (detection 
limit, 15 pg/ml). The kits for 250HD and l,25(OH) ? D measure 
both D, and D 3 . The intraassay coefficients of variation (CV) as 
reported by the manufacturer are 8.6% for 250HD, 9.7% for 
I,25(OH) 2 D, and 14.8% for calcitonin. The interassay CVs are 
9.1% (n - 40) for 250HD, 14.7% <n = 15) for l,25(OH) 2 D, and 
14.5% for calcitonin. Serum PTH was determined by an immuno- 
radiometric assay (IRMA) using a kit from Nichols Institute Di¬ 
agnostics (San Juan Capistrano, CA). The reported intraassay CV 
for PTH is 5.7% and the imerassay CV is 6.3% (n = 20). 


Bone Histomorphometry 

The right tibiae were cut 1 mm distal to the tibio-fibular junction 
(TFJ) and 19 mm proximal to the TFJ to obtain cortical diaphyseal 
and proximal metaphyseal specimens. The specimens were placed 
in Villanueva stain [25] for 3 days, dehydrated in graded ethanols 
and acetone, and embedded in modified methyl methacrylate [26]. 
Raw histomorphometric data were collected using a light/ 
epifluorescent microscope with a video camera interfaced with 
BIOQUANT True Colors Software (R&M Biometrics, Nashville, 
TN), Standard bone histomorphometry nomenclature was used 
[27]. 

Frontal sections (5 pm thick) were cut from the central third of 
each proximal tibia with a vertical bed microtome (Jung Supercut 
2050) and affixed to slides. One slide was stained by the Goldner 
method [28] and the second slide was coverslipped without further 
staining. The Goldner-stained specimen was used for determining 
static measurements and the Villanueva-stained specimen was 
used for assessing structural measurements, fluorochrome label¬ 
ing, and dynamic measurements of bone formation. For data col¬ 
lection, a measurement area (approximately 5 mm z ) was outlined 
1 mm distal to the growth plate cartilage to include secondary 
spongiosa and bone marrow only. The following measurements 
were made: at 20x, total tissue area (Tt.Ar); at lOOx, total trabec¬ 
ular area (Tb.Ar) and perimeter {Tb.Pm); at 160x, single- and 
double-labeled perimeter (sL.Pm and dL.Pm); and at 400x, the 
interiabel width of double labels (Ir.L.Wi), osteoid perimeter 
(O.Pm), and osteoclast perimeter (Oc.Pm). The following static 
and structural calculations were made; cancellous bone surface 
(BS ~ Tb.Pm), cancellous bone volume (BV = Tb.Ar/Tt.Ar), 
osteoid surface [OS - (O.Pm/Tb.Pm) x 100], osteoclast surface 
[Oc.S = (Oc.Pm/Tb.Pm) x 100], trabecular thickness (Tb.Th = 2 
x B.Ar/BS), trabecular number [Tb.N = (BV/TV)/Tb.Th], and 
trabecular spacing [Tb.Sp = (l(Tb.N)-Tb.ThJ. The following dy¬ 


namic calculations were made: single-labeled surface [sLS = 
(sL.Pm/Tb.Pm) x 100], double-labeled surface [dLS = (dL.Pm/ 
Tb.Pm) x 100], mineralizing surface (MS = dLS+0.5sLS), min¬ 
eral apposition rate [MAR = Ir.LAVi/Ir.L.t (interlabel time pe¬ 
riod)], and bone formation rate (BFR = MS x MAR). 

The embedded cortical samples were cross-sectioned at 80 pm 
between 5 and 7 mm proximal to the TFJ on a saw microtome 
(Model 1600, Leica, Germany). One section was mounted on a 
glass slide with Permount and analyzed using BIOQUANT [1 Soft¬ 
ware (R&M Biometrics, Nashville, TN, USA). The following data 
were collected for each specimen: at 20x, total and marrow area 
(Tt.Ar, Ma.Ar), periosteal and endocorticaj bone perimeter (Ps.Pm 
and Ec.Pm); at 160x, single- and double-labeled perimeter (sL.Pm 
and dL.Pm); and at 400x, interlabel width (Ir.L.Wi) at sites of 
double labeling. The following calculations were made for each 
section: cortical area (Ct.Ar = Tt.Ar-Ma,Ar), single-labeled sur¬ 
face [sLS = (sL.Pm/B.Pm) x 100], double-labeled surface [dLS 
= (dL.Pm/B.Pm) x 100], mineralizing surface (MS = 
dLS+0.5sLS), mineral apposition rate (MAR — Ir.L.Wi/Ir.L.t), 
and bone formation rate (BFR = MS x MAR). 


Bone Densitometry 

Femoral and vertebral (4th lumbar) bone mineral content (BMC) 
and density (BMD) were determined using dual-energy X-ray ab¬ 
sorptiometry (DXA; Hologic QDR2000, Waltham, MA) at 0.0127 
cm point resolution with ihe high resolution small animal protocol. 

Right femoral specimens were placed on their posterior sur¬ 
faces in a thin-walled, plastic container and filled with saline to a 
depth of 2,5 cm. Distal and central regions were isolated during 
analysis to represent cancdlous/eortica! and cortical bone, respec¬ 
tively. The distal region was 8 mm long and 8 mm wide and started 
at the most distal point on the femur. The central region was 
immediately adjacent to the distal and extended 20 mm in the 
proximal direction. Each region was analyzed for BMC, projected 
area, and BMD. 

The 4th lumber vertebra was isolated from adjacent vertebrae. 
The specimen length was measured with a digital caliper (Brown 
and Sharpe Company; North Kingstown, Rl). The cranial and cau¬ 
dal surfaces were then cut with a diamond wafer saw (South Bay 
Technology, Inc.; Temple City, CA) to obtain two parallel planes. 
For densitometric measurement, vertebral specimens w'ere placed 
on their caudal ends in individual wells in a 2.5 cm-thick plastic 
block, covered with saline, scanned, and analyzed for BMC, pro¬ 
jected area, and BMD. 


Bone Strength 

Femoral strength was measured on a servo hydraulic materials 
testing system (MTS 810, Minneapolis, MN) at 3 mm/minute in 
stroke control. Femora were tested in three-point bending, with 
force applied to the anterior surface. Load-deformation curves 
were plotted and analyzed for structural, strength properties that 
included ultimate load, yield load, and stiffness. Femora] stresses 
were calculated from load and adjusted for bone cross-sectional 
size to obtain material strength properties (ultimate and yield stress 
and modulus of elasticity) [29]. Two transverse cross-sections ad¬ 
jacent to the fracture site were traced and digitized on a VaxStation 
2000 computer. Average radii, moments of inertia, and cross- 
sectional areas were determined using the program SECTION, 
developed at the Creighton University Osteoporosis Research Cen¬ 
ter Biomechanics Laboratory [30]. 


Statistics 

Body weight, food, and water intake data were analyzed using a 
repeated measures two-way ANOVA (treatment and time, with 
repeated measures on time) followed by a Newman-Keuls posthoc 
test (Systat Statistical Package), All other data were analyzed using 
one-way ANOVA to assess treatment differences in endpoints ex- 
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hibiting normal distributions and homogeneous variances. When 
these assumptions were not met, the Kruskal-Wallis nonparametric 
one-way ANOVA was applied. As a post-hoc test we used Tukey’s 
Studentized Range test in the usual ANOVA case and, in the 
nonparametric case we used f-tests adjusted for the overall error as 
described by Conover [31], Endpoints showing significant nicotine 
treatment effects were also analyzed by regression on body weight 
at 90 days. For all analyses, differences were considered signifi¬ 
cant at P < 0.05 and marginally significant at 0 05 < P < 0.1. AH 
data are expressed as mean ± SEM. The statistical package SAS 
version 8.0 was used in the analyses. 


Results 

Nicotine at the doses administered had a marginally signifi¬ 
cant (P < 0.06) effect on body weight. Rats receiving nico¬ 
tine at either dose (4.5 or 6.0 mg/kg/day) weighed approxi¬ 
mately 1% less than control rats for the duration of treat¬ 
ment (Fig. 1A). Food and water consumption decreased 
with time but did not differ among treatment groups (Fig. 
IB and C). 


Serum Analysis 

Serum nicotine levels in rats treated for 3 months with sa¬ 
line, 4.5 mg/kg/day nicotine, and 6.0 mg/kg/day nicotine 
were 0 + 0, II1 ± 7, and 137 ± 10 ng/ml, respectively, The 
differences were significant among all treatment groups. 
Serum cotinine levels in the saline, 4.5 mg/kg/day nicotine, 
and 6.0 mg/kg/day nicotine groups were 0 ± 0, 698 ± 23, 
and 753 * 35 ng/ml, respectively. The cotinine levels in 
both nicotine-treated groups were higher than in saline con¬ 
trols but the difference between the two nicotine groups was 
not statistically significant. 

Serum calcium, 250HD, and l,25(OH) 2 D did not differ 
among treatment groups (Table 1), Serum phosphorus and 
PTH were higher in the 6.0 mg/kg/day nicotine group than 
in the control group. Serum calcitonin was lower in both the 
4.5 and 6.0 mg/kg/day nicotine group than in the control 
group. 


Bone Measurements 

Treatment differences were not detected in cancellous bone 
volume, resorption, or formation endpoints at the proximal 
tibial metaphysis (Table 2). Treatment differences were 
likewise not delected in cortical bone formation endpoints at 
the central tibial diaphysis (Table 3). 

Femoral BMC, area, and BMD did not differ among 
treatment groups (Table 4). However, vertebral BMC and 
area were lower in the 6.0 mg/kg/day than in the control 
group. Significant differences in vertebral BMD were not 
detected between the 6.0 mg/kg/day and tire saline control 
group (P < 0.11) although vertebral body BMD was sig¬ 
nificantly lower in the 4.5 mg/kg/day than in the saline 
control group. Regression analyses showed that body 
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Fig, 1. Effects of nicotine on body weight (A), food (B), and water 
consumption (C). 


weight was positively related to vertebral BMC (P < 0.001) 
and BMD (P < 0.003). 

Biomechanical results for femora tested in three-point 
bending are presented in Table 5. Femoral ultimate load 
(force required to fracture the bone), cortical area, and mo- 
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Table 1. Serum biochemistry after 3 months of nicotine treatment 


Endpoint 

Saline 

Nicotine 
(4,5 mg/kg/day) 

Nicotine 
(6,0 mg/kg/day) 

Calcium (mg/dl) 

11.0+ 0.2 

10.9+ 0.1 

11.2* 0.1 

Phosphorus (mg/dl) 

5.7+ 0.4 

6.0+ 0.3 

6.7+ 0.3“ 

25-hydroxyvitamin D (ng/ml) 

27.7+ 1.7 

27.9+ 1.2 

26.3 ± 1.8 

1,25-dihydroxyvitamin D (pg/m!) 

28.6+ 1.9 

32.7+ 2.7 

28.0+ 2.1 

Parathyroid hormone (pg/ml) 

214 ±21 

277 ± 28 

325 ± 32“ 

Calcitonin (pg/ml) 

42.9+ 2.8 

29,4 ± 2.2“ 

32.4 ± 1.8“ 


Results are mean ± SEM of 11-12 animals 

" Significantly different from saline control group (P < 0.05, Tukey’s Studentized Range test) 


Table 2. Histomorphometry of proximal tibia (cancellous bone) in adult rats after 3-months 
of nicotine treatment 


Endpoint 

Saline 


Nicotine 
(4.5 mg/kg/day) 

Nicotine 
(6.0 mg/kg/day) 

Bone volume (%) 

18.8 ± 

1.3 

20.6 ± 1.2 

18.3 ± 1.6 

Osteoid surface {%) 

0.10 + 

0.02 

0.07+ 0.03 

0.12+ 0.03 

Osteoclast surface (%') 

2.5 ± 

0.2 

2.5 ± 0.2 

2.5 ± 0.3 

Trabecular thickness (p.m) 

51.6 ± 

1.5 

55.5 ± 1.8 

52.4 ± 3.2 

Trabecular number (mm -1 ) 

3.6 ± 

0.2 

3.7 ± 0.2 

3.5 * 0.2 

Trabecular spacing (jim) 

233 * 

16 

219 ±11 

244 ± 18 

Mineralizing surface (%) 

3.9 ± 

0.4 

4.6 ± 0.8 

4.4 ± 0.7 

Mineral apposition rate (fim/day) 

1.02 + 

0.04 

0.99+ 0.05 

1.03+ 0.08 

Bone formation rate (pm 3 /M-m 3 /year) 

14.8 ± 

1.7 

16.9 ± 3.3 

17.1 ± 3.1 


Results are mean ± SEM of 9-12 animals 


Table 3. Histomorphometry of midshaft tibia (cortical bone) in adult rats after 3 months of 
nicotine treatment 


Endpoint 

Saline 

Nicotine 
(4.5 mg/kg/day) 

Nicotine 
(6.0 mg/kg/day) 

Periosteal envelope 

Mineralizing surface (%) 

14.9 +2.9 

18.7 ± 6.2 

15.4 ±2.0 

Mineral apposition rate (pim/day) 

0.62 ± 0.06 

0.66 ± 0.08 

0.68 ±0.06 

Bone formation rate (u.m 3 /um 3 /year) 

34.6 ±9.5 

34.7 ±11.0 

38.1 ±5.3 

Endocortical envelope 

Mineralizing surface (%) 

4.8 ±0.7 

3.9 ± 0.7 

5.9 ± 1.2 

Mineral apposition rate (p.m/day) 

0.64 ± 0.16 

0.40+ 0.08 

0.64 ±0.12 

Bone formation rate (p.m 3 /p.m 3 /year) 

15.4 ±5.5 

8.1 ± 2.3 v 

16.2 ±5.6 


Results are mean ± SEM of 8-12 animals 


ment of inertia (distribution of bone relative to a neutral Discussion 


axis) were lower in the 6.0 mg/kg/day nicotine than in the 
control group. Trends (P < 0.06) for lower femoral yield 
load (point of permanent damage) and higher modulus of 
elasticity (stress/strain) were also noted in the nicotine- 
treated rats compared with the control rats. Treatment dif¬ 
ferences were not detected for femoral ultimate stress, yield 
stress, or stiffness. Regression analyses showed that body 
weight was positively related to ultimate load (P < 0.001), 
yield load (P < 0.001), cortical area (P < 0.001), moment of 
inertia (P < 0.001), and negatively related to modulus of 
elasticity (P < 0.001). 


The purpose of this study was to evaluate the impact of 3 
months of chronic high-dose nicotine administration on 
bone mass, turnover, and strength in adult female rats. The 
nicotine doses (4.5 and 6.0 mg/kg/day) administered re¬ 
sulted in average serum nicotine concentrations (111 and 
137 ng/ml) that were approximately two to three times 
greater than the afternoon average for humans smoking one 
to two packs of cigarettes a day (40 ng/ml) [32, 33]. These 
higher doses were used because administration of nicotine 
at 3.0 and 4.5 mg/kg/day for 2 and 3 months resulted in no 
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Table 4. Bone mineral content and density of femur and lumbar vertebra in adult rats after 
3 months of nicotine treatment 


Endpoint 


Saline 

Nicotine 
(4.5 mg/kg/day) 

Nicotine 
(6.0 mg/kg/day) 

Bane mineral content (g) 
Femur central 


0.181 ±0.003 

0.180 ±0.003 

0.175 ±0.004 

Femur distal 


0.118 ±0.003 

0.1 !8 ±0.002 

0.116 ±0.003 

Vertebra 


0.032 ±0.001 

0.029 ± 0.001 

0.027 ± 0.002“ 

Bone mineral density (g/ 
Femur central 

cm 3 ) 

0,231 ±0.003 

0.229 ± 0.002 

0.225 ± 0.003 

Femur distal 


0.264 ± 0.004 

0.264 ± 0.003 

0.261 ±0.004 

Vertebra 


0.230 ± 0.004 

0.212 ± 0.005“ 

0.215 ± 0.006 

Area measurements (D20 
Femur centra! 

(an 2 ) 

0.787 ±0.010 

0.786 ±0.013 

0.779 ±0.007 

Femur distal 


0.449 ± 0.004 

0.446 ± 0.005 

0.444 ±0.013 

Vertebra 


0.138 ±0.004 

0.138 ±0.005 

0.123 ± 0.005“ 


Results are mean ± SEM of 1 M2 animals 

a Significantly different from saline control group (P < 0.05, Tukey’s Studentized Range test) 


Table 5. Bone strength of femur in adult rats after 3 months of nicotine treatment 


Endpoint 

Saline 

Nicotine 
(4.5 mg/kg/day) 

Nicotine 
(6.0 mg/kg/day) 

Ultimate load (N) 

144.1 ± 3.0 

136.3 ±2.0 

129.4 + 5,0“ 

Ultimate stress (N/mm 2 ) 

155.6 ± 2.6 

160.8 + 3.1 

165.5 + 4.4 

Vie Id load (N) 

115.3 ±3.1 

108.5 ± 2.3 

105.5 ±4.9 

Yield stress (N/mm 2 ) 

124.7 ±3.7 

127.9 ±3.1 

134.6 + 4.2 

Stiffness (N/mm) 

258.4 ± 9.7 

263.2 ± 8.2 

251.1 ±9.6 


Modulus of elasticity (GPa) 4.4 ± 0.2 5.0 ± 0.2 5.3 ± 0.4 

Area (mm 2 ) 7.5 ± 0.2 7.1 ±0.1 6.9 ±0.2“ 

Moment of inertia (mm 4 ) 6.2 ± 0.2 5.5 ±0.1 5.0 ±0.3" 

Results are mean ± SEM of 11 to 12 animals 

* Significantly different from saline control group (P < 0.05, Tukey's Studentized Range test) 


or inconsistent effects on bone and serum mineral and cal- 
citropic hormone levels in adult [20, 21] and young [22] 
rats. 

In the current study, nicotine had no effect on histomor- 
phometric indices of cancellous or cortical bone mass and 
turnover in the tibia. This is consistent with our previous 
studies in both adult [20, 21] and young [22] rats, with one 
exception of decreased endocortical MAR in adult rats after 
3 months of nicotine treatment [21]. The current study also 
confirms our past results [20-22] that nicotine has no effect 
on femoral BMC and BMD. This is consistent with Sy- 
versen et al. [23] who did not detect a nicotine impact on 
femoral BMD in female rats even after 2 years of nicotine 
exposure (plasma nicotine levels >100 ng/ml). Broulik and 
Jarab [16], on the other hand, observed lower femoral BMD 
in adult male mice treated for 3 months with a nicotine dose 
comparable to that of smoking 20 cigarettes/day. Adverse 
nicotine effects have been most reliably found in fracture or 
injury repair studies [13, 14, 19, 34] where differences may 
be related to inhibition of early revascularization by nicotine 
[13, 14], 

In contrast to the lack of treatment differences in femoral 


BMC and BMD, we found that vertebral BMC and BMD 
were lower in the nicotine-treated rats than in the control 
rats. This is consistent with our findings of trends for lower 
vertebral BMC in adult rats treated with nicotine for 3 
months [21], but not in adult rats treated for 2 months [20] 
or in growing rats treated for either 2 or 3 months [22], The 
lower vertebral bone mass in the current study may be par¬ 
tially explained by smaller cross-sectional areas in the high- 
dose nicotine group. However, this cannot explain BMD 
differences in the low-dose nicotine group where it appears 
that altered bone resorption and/or formation resulted in the 
lower BMD. A nicotine-induced alteration in bone resorp¬ 
tion and/or formation is, however, not supported by the 
proximal tibial histomorphometric data. This discrepancy 
could be explained by a transient increase in bone resorption 
and/or a decrease in formation prior to fluorochrome label¬ 
ing or site-specific variations in bone turnover. The rela¬ 
tionship between nicotine treatment and vertebral and tibial 
bone turnover needs to be assessed in the future. 

In the current study, high-dose nicotine treatment was 
associated with lower femoral structural strength (ultimate 
load). This is consistent with the smaller bone cross- 
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sectional areas and moments of inertia for the femur, sug¬ 
gesting a possible negative effect of nicotine on bone size. 
The DXA measures of cortical bone mass and size showed 
a similar trend for lower values with nicotine than control 
treatments, but did not appear as sensitive as the mechanical 
strength tests and digital tracing of bone cross-sectional ar¬ 
eas. When structural strength was adjusted for size, there 
were no differences in material strength properties (ulti¬ 
mate/yield stress and modulus of elasticity) among groups, 
although nicotine was associated with a marginally higher 
modulus of elasticity. The pattern of weaker, smaller femora 
associated with nicotine treatment is consistent with the 
vertebral pattern of smaller size and lower BMC in the 
current study. However, neither Syversen et al. [23] nor we 
[20-22] had previously observed any nicotine-associated 
adverse effects on femoral strength at lower nicotine doses 
or over longer treatment periods. 

Because nicotine treatment was associated with weight 
reduction (P <0.06), it is tempting to speculate that the 
nicotine effect on vertebral mass and femoral strength may 
be mediated through its effect on weight. With post-hoc 
regression analysis we found significant positive associa¬ 
tions between final body weight and vertebral BMC and 
BMD and femoral ultimate and yield load and size. Unfor¬ 
tunately, our study design did not allow us to differentiate 
between a direct and an indirect, weight-dependent, nicotine 
effect as appropriate weight-matched control groups were 
not included in the study. The nicotine-associated decrease 
in body weight without a concomitant decrease in food or 
water consumption has been observed in other studies ad¬ 
ministering simitar nicotine doses [35, 36] and may be ex¬ 
plained by nicotine-induced changes in metabolism and be¬ 
havior independent of food consumption [37], 

In addition to the bone response, several serum calci- 
tropic hormone responses were observed with nicotine ad¬ 
ministration. Though serum calcium, 250HD, and 
l,25(OH) 3 D were unaffected, serum phosphorus and PTH 
were increased and serum calcitonin was decreased by nico¬ 
tine treatment. As in this study, changes in serum Ca were 
not noted in our previous studies of adult rats treated with 
lower doses of nicotine for 2 months [20] or in young rats 
treated with nicotine for 3 months [22], However, increased 
serum Ca levels were observed in adult rats treated with 
nicotine for 3 months [21] and in young rats treated with 
nicotine for 2 months [22], Changes in serum phosphorus, 
PTH, calcitonin, and vitamins D metabolites also varied 
among our different studies with no consistent pattern. This 
variation in results may be due to a smalt effect that is 
difficult to detect. The lack of consistency among our stud¬ 
ies precludes us at this time from making definitive conclu¬ 
sions regarding the impact of nicotine on serum mineral and 
calcitropic hormone levels. 

In summary, nicotine at serum concentrations approxi¬ 
mately 2.5-fold greater than that found in smokers had no 
significant effect on bone turnover in female rats. However, 
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nicotine treatment was associated with lower body weight, 
lower vertebral bone density, and lower femoral size and 
structural strength suggesting that the drug at high doses 
may ultimately be detrimental to bone health. 
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